Abstract: This article reports on the corrosion and wear resistance of Ni-P and Ni-P-PTFE nanocomposite coatings deposited on mild steel substrates using the electroless plating technique. The coatings were characterized by scanning electron microscopy (SEM), energy dispersive analysis of X-Ray (EDAX), and X-ray diffractometry (XRD). The coatings were smooth and had thicknesses between 7 and 23 µm. They contained Ni, P, and additionally, F, in the case of the Ni-P-PTFE films. A broadening of the Ni peak in XRD was attributed to the amorphous nature and/or fine grain size of the films. Corrosion resistance was measured using immersion and electrochemical polarization tests in 3.5% NaCl solution whereas wear resistance was determined by the pin-on-disc method. Both Ni-P and Ni-P-PTFE coatings exhibited significant improvement in corrosion (in salty media) and wear behavior. Furthermore, the addition of PTFE in the coatings showed improvement in their corrosion resistance as well as a reduction in friction coefficient. Our testing revealed that the coatings' wore out following the "adhesive type" mechanism.
Introduction
Coating technology has achieved wide acceptance in the engineering industry as a means for combating surface reactions such as wear and corrosion, as well as fatigue, and in addition, for masking surface irregularities. Among the various deposition methods (electroplating, electroless plating, plasma thermal spray, and physical vapor deposition) electroless deposition is preferred because coatings formed with this process are homogeneous and adhere well on substrate materials with complicated geometries [1] [2] [3] [4] [5] [6] [7] [8] .
Out of the variety of electrolessly deposited films, nickel * E-mail: ajaycorr@rediffmail.com coatings having phosphorus are preferred in numerous applications because of their excellent wear, abrasion and corrosion resistance [9] [10] [11] .
Past studies have been conducted on electroless nickelphosphorus composite coatings that incorporate second phase particles into the Ni-P matrix to further enhance corrosion and wear resistance [12] [13] [14] [15] [16] . For instance, Ni-P composite coatings, with improved hardness and wear resistance were developed by introducing micro/nanometersized second phase hard particles such as diamond [17] , silicon carbide (SiC) [18] , and silicon dioxide (SiO 2 ) [19] . Moreover, coatings with improved corrosion resistance, in addition to wear resistance due to hardness, were developed by introducing silicon nitride (Si 3 N 4 ) [20] , titanium dioxide (TiO 2 ) [21] , alumina (Al 2 O 3 ) [14, 22] and nanometer-scale diamond in the Ni-P matrix [23] . Fur-thermore, wear resistance resulting from enhanced lubricity and lower friction coefficient was achieved by incorporating soft lubricious particles like hexagonal boron nitride (BN), molybdenum disulfide (MoS 2 ) or polytetrafluoroethylene (PTFE) in the Ni-P plating solution; this improved the corrosion resistance of the resulting films as well [24] [25] [26] [27] [28] . PTFE particles agglomerate in the plating solution thus resulting in their non-uniform dispersion in the plating bath. To maintain the self-lubricating properties of the resulting PTFE films, this problem must be overcome. To that end, the suspension of the PTFE particles can be improved with the addition of surfactants in the plating bath. For example, Matsuda et al. [29] investigated the effect of the presence of a variety of surfactants on the suspension of PTFE particles in plating solutions. In addition to the above-mentioned issue, the effect of PTFE concentration, bath-temperature, pH and agitation on the amount of PTFE particles deposited and the plating rate, all of which affect film quality, were examined and reviewed earlier [30, 31] . Additional investigations were reported on friction and wear characteristics of Ni-P and Ni-P-PTFE coatings [28, [32] [33] [34] . In these studies, friction and wear was monitored as a function of PTFE content and sliding distance and the results showed good self-lubricating properties and wear characteristics of Ni-P-PTFE films over Ni-P coatings. SincePTFE particles are chemically inert and block the pores in Ni-P coatings, [35] their addition in the Ni-P matrix is expected to improve the corrosion resistance contrary to pristine Ni-P coatings. Q. Zhao et. al. [36] demonstrated improved corrosion resistance of Ni-P and Ni-Cu-P coatings with the gradual addition of PTFE. Corrosion resistance of Ni-P and Ni-P-PTFE was also found to be improved by adding Cu [37] [38] [39] . It is therefore expected that addition of PTFE in Ni-P coatings will improve corrosion and wear resistance by lowering the friction coefficient. Such types of coatings are required in applications where wear resistance is desired without application of lubricating oil, and/or in applications in which the material may corrode due to chemicals present in its vicinity. There are several studies [13, 40] on improved corrosion and wear resistance of Ni-P-PTFE coatings. In addition to better corrosion and wear resistance, the coatings must also be durable. Thus, it is equally important to know the stability of the coatings against continuous exposure to corrosive media, as has been done earlier, in the case of alumina coatings [41] . However, neither of the above studies on Ni-P-PTFE coatings has considered the stability of the coatings following continuous exposure to corrosive media for periods exceeding several days.
Furthermore, many of the earlier investigations on Ni-P-PTFE coatings [36] [37] [38] [39] did not utilize electrochemical techniques for studying corrosion; electrochemical techniques are powerful methods that reveal several aspects of corrosion. In this paper, we investigate corrosion and wear characteristics of Ni-P-PTFE nanocomposite coatings using electrochemical techniques, and wear tests, as well as the stability of the coatings following continuous exposure to corrosive media.
Experimental methods and materials
The substrate material used in this study was mild steel (C = 0.18%, Mn = 1.66%, Si = 0.04%, Fe = Bal.). For immersion corrosion tests, flat substrates of dimension 3.0 cm×3.2 cm× 0.2 cm with a mass 15.56 g were used. For electrochemical and wear tests, the size, mass and surface area of the substrate were taken according to the specification of the testing instruments. Thus, for electrochemical tests, cylindrical substrates of 1.0 cm diameter, 1.2 cm length, and a mass of 7.15 g were used whereas for wear tests, substrates of 1.0 cm diameter, 3.0 cm length, and a mass of 6.5 g were used. Prior to coating, the surface of the substrates was polished by grinding them with emery paper (up to 4/0 grade). The substrates were then cleaned with acetone and dipped in 1% hydrochloric acid (HCl) solution for 30 seconds. After this sensitization process, the substrates were activated by immersing them in SnCl 2 solution (2.5%) for 2 minutes and PdCl 2 solution (0.025%) for 1 minute at room temperature and then dried. These reagents act as catalytic sites for nucleation during the electroless deposition process.
Activated and pretreated substrates were coated using an acidic plating bath (pH -5.5) at 90º C for a deposition time of 2 hours. The electroless bath components and operating conditions were optimized to obtain successful deposition of Ni-P. Nickel sulphate heptahydrate (NiSO 4 ·7H 2 O) was used as the nickel source, sodium hypophosphite (NaPH 2 O 2 .H 2 O) as a reducing agent, trisodium citrate dihydrate (NaC 6 H 5 O 7 .2H 2 O) as a complexing agent to control the free nickel ions in the plating solution, and sodium acetate (CH 3 COONa) as an accelerator to increase the reaction rate. The Ni-P-PTFE nanocomposite film was deposited by adding in the bath, along with the above indicated bath components, a 60 wt% PTFE emulsion (Aldrich, Catalog No.-665800) with particle size in the range of 50 -500 nm and an FC-4 cationic surfactant. Both the PTFE emulsion and the surfactant were diluted with de-mineralized water and stirred for 1 hour before use. The compositions and the plating conditions of Ni-P and Ni-P-PTFE solutions used in this work are shown in Table 1 . After plating, the samples were washed and air dried at room temperature prior to testing.
The thickness 't' (in µm) of the coatings was calculated from the weight gain of the substrates following the deposition process, using t = w×10 4 /(d×A), where w is the weight gain (g), d is the density of the deposits (7.75 g/cm 3 for deposits) [42] , and A the surface area of deposition (cm 2 ). The deposition rate (in µm/h) was calculated as the thickness of the coating deposited divided by the total time of deposition.
The surface morphology was studied by scanning electronmicroscopy (SEM) (Quanta 200 FCG, Netherland), and the coatings' composition was obtained by EDAX analysis. The phase structure was analyzed by X-ray diffractometry (D8-Advance, Germany) using CuKα Xrays. The grain size 'D' of the deposit was calculated from the peak width utilizing the Scherrer equation: D = 0.9×λ/β×cosθ, where λ is the wavelength of the radiation used (1.54Å), β the full width at the half maximum (FWHM), and θ the position of the main peak in the diffractogram [43] .
The corrosion resistance of mild steel, Ni-P, and Ni-P-PTFE coated steel was investigated by electrochemcial polarization (Electrochemical Laboratory VOLTALAB, PGZ301) and immersion tests. For the electrochemical test, a three electrode corrosion cell configuration was used, and it comprised a saturated calomel electrode (SCE) as a reference electrode, graphite rods as auxiliary electrodes, and the test specimen as a working electrode. The exposed surface area of the working electrode was 5.14 cm 2 . Electrochemical polarization (potentiodynamic) tests of the as deposited coatings and that of the coatings exposed to the electrolyte for 10 and 20 days were carried out in a 3.5% NaCl solution at room temperature. Corrosion rates, from electrochemical polarization tests, were obtained using the 'Voltamaster-4' software of the VOLTALAB instrument. In the immersion test, (carried out for 90 days) we observed delamination in some regions of the plated surface suggesting that corrosion was uniform. The amount of corrosion was estimated by measuring the weight loss and by calculating the corrosion rate 'CR' (mils per year, mpy) using the formula: CR = 534×w/(d×A×T), where w is the weight loss (mg), d the density of the material (gm/cm 3 ), A the exposed area of coupon (inch 2 ), and T the duration of exposure (hours) [44] . In some cases, two duplicate samples were tested in order to estimate the uncertainty in the corrosion rate. These tests revealed that the estimated corrosion rates for coated steel were uncertain to within 0.7 mpy. The wear resistance and friction coefficients were estimated by using a pin-on-disc (POD) wear tester. This was done by sliding a coated pin of 1.0 cm diameter on the steel discs. The tests were performed at a linear sliding speed 0.2 m/sec and the radius of the slide path was 25 mm for a total sliding distance of 500 m. The load on the pin was varied from 10 to 30 N. Wear resistance was measured in terms of weight loss. During the test, the friction force was measured for under different loading conditions. The friction coefficient was calculated utilizing the formula µ = F/N, where F is the friction force and N is the normal load applied.
Results and discussion

Surface Morphology and Composition
The thickness of the Ni-P coatings was found to be between of 7 and 17 µm whereas that of composite Ni-P coatings comprising nanometer-sized PTFE particles was between 10 and 23 µm, for a total deposition time of 2 hours. The coating deposition rates for each type of film were 3.5-8.5 µm/h and 5-11.5 µm/h respectively. An SEM micrograph and the EDAX record of an electroless Ni-P coating is shown in Figure 1 and that of a Ni-P-PTFE composite coating in Figure 2 . The spherical growth features of electroless Ni-P globules are seen in the SEM micrograph (Figure 1a) . The coating is smooth and uniform. On the other hand, the EDAX of the Ni-P coating (Figure 1b) shows peaks of Ni and P elements (corresponding to 82.04% Ni and 12.24% P). Furthermore, the SEM micrograph of Ni-P-PTFE coating (Figure 2a) shows black PTFE particles uniformly distributed throughout the Ni-P matrix. The deposits exhibit coarse globules. For these films, the EDAX record shows a fluorine (F) peak in addition to Ni and P peaks (Fig. 2b) (corresponding to 73.41% Ni, 11.14% P and 2.1% F). The PTFE content, on the basis of amount of F, in the coating, was obtained as 3.5 wt. %. Moreover, the EDAX records of both Ni-P and Ni-P-PTFE coatings show two peaks of iron (Fe) at 7.46 eV (K α line) and 7.05 eV (K β line). These peaks are due to the iron present in the mild steel substrate [45] .
X-Ray Diffraction
XRD patterns of mild steel and that of plated electroless Ni-P and Ni-P-PTFE composite coatings are shown in Fig. 3 . The mild steel substrate's XRD record shows a strong peak at 2θ = 44.58°followed by weaker peaks at 65°and 83°due to the intrinsic iron content [46] . In case of Ni-P and Ni-P-PTFE-coated mild steel samples, a high intensity and broad peak at˜44.50°was observed as a result of the nickel and diffraction from (111) planes [14] . The broadening of this peak is likely due to the amorphous character of deposits' structure and fine grain size. (The amorphous structure of electrolessly deposited Ni-P having more than 7 wt% P was previously reported [20, 47] .) The amount of P in our samples was˜11.6 wt%. The crystalline structure of nickel in low-phosphorous content coatings loses its long range order as a result of the increased difficulty for more phosphorus atoms to fit into the nickel lattice [48] . The grain size was calculated from the width of broadened Ni peak, using Scherrer's equation [45] , and it was estimated to lie between 1.6-5.6 nm. This is in accordance with earlier reported results [14, 20, 49] . Figures 4 and 5 show the open circuit potential (OCP) of mild steel, Ni-P and Ni-P-PTFE coatings (exposed to 3.5% NaCl solution for 0, 10 and 20 days, E vs. time curves for them are marked Ni-P(0D), Ni-P(10D) and Ni-P(20D) and Ni-P-PTFE(0D), Ni-P-PTFE(10D) and Ni-P-PTFE(20 D) respectively) in 3.5% NaCl solution. It was observed that the OCP of mild steel was less than that of the coated steel substrates, indicating improved corrosion resistance of mild steel as a result of the coating process. As the coatings were exposed to NaCl solution, their protective nature was found to deteriorate with time as evidenced by the progressively more negative values of the OCP in Figures 4 and 5 . More positive potentials of Ni-P-PTFE coating as compared to their Ni-P counterparts indicated better corrosion resistance than the former. Anodic polarization curves of mild steel, Ni-P and Ni-P-PTFE coated mild steel are shown in Figures 6 and 7 . Parameters drawn from these curves are shown in Table 2 . These results show the corrosion rate to be the highest for mild steel; those of coated steel samples were lower (2.98mpy for Ni-P and 1.47mpy for Ni-P-PTFE coating respectively). Furthermore, the surface resistance of coated steel samples was observed to be higher (0.613.m 2 for Ni-P and 0.776.m 2 for Ni-P-PTFE coating) than uncoated substrates (0.179 .m 2 ). The shape of the polarization curves for both Ni-P and Ni-P-PTFE coating showed passivation; this was not observed for bare mild steel substrates. The lack of passivation in that case was further supported by the observation of significant metal dissolution during the anodic polarization test. These observations, again, indicate an improvement in corrosion resistance due to the coating as it acts as a barrier to oxygen diffusion and chemicals species like Cl -towards the alloy's surface. Lower corrosion rate, higher surface resistance, pitting potential and passivation range in case of Ni-P-PTFE coating compared to Ni-P coatings (without having undergone immersion in NaCl solution, day zero) ( Table 2) indicated the former to be more corrosion resistant as inferred from the OCP values. The coatings' anodic polarization curves of, after immersion in NaCl for 10 and 20 days, showed a decrease in corrosion potential and in surface resistance as well as an increase in the corrosion rate and current ( Table 2 , Fig. 6 and 7) , thereby indicating deterioration in the protective properties of the coating, as also indicated earlier by the change in OCP values. This decrease in protection characteristics may be assigned to the resulting films' increased porosity, or to a detachment or change in nature of the coating as a result of prolonged exposure. Surprisingly, in contradiction to earlier observations, the pitting potential and passivation range were increased for coatings that were kept in solution for 10 and 20 days, indicating improved resistance against localized corrosion.
Corrosion
This question needs to be investigated thoroughly. Although, the protection characteristics of the coating were observed to deteriorate with time, however, these results showed better performance than mild steel against corrosion even after a continuous exposure of 20 days. Table 2 also shows corrosion rates obtained in different cases on the basis of the weight loss observed following the immersion tests performed on the bare substrates and coated samples for 3 months (90 days). Corrosion rates was observed to be maximum (23.6 mpy) for mild steel whereas it was at a minimum (3.20 mpy) for Ni-P-PTFE coated samples.
Wear
The wear resistance behavior of mild steel, Ni-P-coated, and Ni-P-PTFE-coated steel samples under a 10N, 20N, 30N loads are shown in Figures 8a, 8b , and 8c respectively. Variation of weight loss versus sliding distance at different loading conditions showed (i) a loss of weight in coated as well as uncoated samples as a result of increasing the applied load (ii). The wear resistance of coated steel samples was found to be better than that of bare mild steel. Furthermore, comparison of weight loss in wear tests and SEM/EDAX results of the worn metal surfaces of Ni-P and Ni-P-PTFE coated samples ( Figures 9 and 10 respectively), showed that a significant loss of coating takes place with higher loading conditions (30N). Consequently, and as shown in the EDAX results, the amount of Fe was found to be very high and those of Ni and P to be significantly depleted. Ni-P-PTFE coatings appeared to have less wear resistance as compared to Ni-P coatings; this is likely due to the less hard PTFE particles in the composite coatings, which favor the film's easy removal by sliding.
The average friction coefficient (µ) was 0.68 for the Ni-P coatings and 0.42 for the Ni-P-PTFE coatings. The friction coefficient of Ni-P was the same as that observed earlier [28, 50] . The friction coefficient of Ni-P-PTFE coating was reported to be lower than that found in this work [28, 32, 40] and higher in another investigation [33] . The Ni-P-PTFE coatings' friction coefficient appears to be the resultant of the surface roughness and the lubrication effect of PTFE. A higher value is thus expected for comparatively rougher coatings. Overall, a lesser value of friction coefficient of the composite coatings, with respect to Ni-P coating, can be attributed to the addition of the soft lubricant PTFE particles, which are expected to remain on the top of the coating [32] . SEM photographs of the worn surfaces of both Ni-P and Ni-P-PTFE coated samples indicated the wear mechanism to be of the 'adhesive' type. Increase in weight loss due to wearing was not significant for increases in the applied load from 10 to 20N. However, a significant change (from < 1 mg to 7-8 mg weight loss) was observed for both the Ni-P and the Ni-P-PTFE coatings as the load was increased from 20 to 30 N. This transition observed in weight loss is a characteristic of the 'adhesive wear' of the Ni-P deposits, and it has been observed earlier [50] . Moreover, because PTFE is a lubricant, it was expected to remain on the top of the coating, and therefore it could not induce any brittle fracture, thus resulting in mainly 'adhesive' wear [32] . These findings conclude that both Ni-P and Ni-P-PTFE coatings' wear mechanism is of the 'adhesive' type.
Conclusion
Electroless Ni-P deposits were found to be smooth as compared to the slightly nodular deposits of Ni-P-PTFE.
Corrosion resistance of both coatings was observed to be superior to that of mild steel with Ni-P-PTFE coatings showing better resistance. Corrosion protection properties of the coatings were found to be affected with continuous exposure to the electrolyte. Nevertheless, coated mild steel was found to perform better than bare mild steel even after 20 days of continuous exposure to corrosive media. Both types of coated mild steel showed improved wear resistance as compared to bare mild steel. Ni-P-PTFE coatings exhibited less wear resistance than Ni-P coatings. The lubrication effect resulting from the addition of PTFE in the composite coating caused a lower friction coefficient than that observed for Ni-P coatings. Furthermore, our results indicated that 'adhesive wear' was the likely failure mechanism for both types of coatings.
